This paper uses the fact that one species of bacteria has two separate enzymes for the process one which adds a CC and another which only adds the terminal A, while another has a single enzyme that adds all three. By looking at the two homologous enzymes and combining structural analysis with constructing chimeric constructs and checking for activities, the authors have come up with a reasonable model for how bacterial enzymes can only accommodate C's in their first two steps but can then only add an A.
The paper is well written if a little difficult to follow and I also think the figures, especially the structural figures could be improved to make the discussion clearer. Also, the whole idea of an induced change upon addition of the C's is not very clear. But on the whole, this is an important addition to our understanding of these ubiquitous and important enzymes.
Referee #2 (Remarks to the Author):
The manuscript proposed by Toh et al. deals with the mechanism of template-independent nucleotide incorporation at the 3' end of transfer RNAs catalyzed by the class II CCA-adding enzymes. Two classes of CCA-adding enzymes have been described. The archaeal-type class I enzyme has been the object of detailed structural studies, in particular in the authors' laboratory. Although several crystallographic structures of class II enzymes are available, their mechanism remains not fully understood. Notably, A. aeolicus contains two class II activities, responsible for CC-and A-adding, respectively. In contrast, other bacteria such as T. maritima contain a class II CCA-adding enzyme. In the present study, Toh et al. have determined the crystal structures of the T. maritima enzyme in the apo, ATP-and CTP-bound forms. Then, the authors take advantage of these structures to graft various regions of the T. maritima CCA-adding enzymes onto the A. aeolicus A-adding one. In this way, they succeeded in converting the latter in a CCA-adding enzyme in vivo and in vitro. Analysis of the activities of such chimeric enzymes as well as of those of several tens of site directed mutants allowed the authors to reach several interesting conclusions. In particular, the CCA-adding reaction necessitates co-operation between the head and neck domains of the T. maritima enzyme. The authors also identify a flexible loop in the catalytic domain required for the A-adding reaction. In addition, hydrogen bonds between two helices in the neck domain are shown important for defining the number of C incorporations. Finally, a beta turn in the head domain appears involved in recognition of the 3'-end of tRNA. This manuscript represents a thorough study leading to several interesting conclusions concerning the specificity and mechanism of class II CCA-adding enzymes. The experiments are well performed and adequately described. The manuscript appears therefore suitable for publication in the EMBO Journal, provided that the following points are addressed: 1-Several mutants (e.g. E109A, S110A, D116A, D83A, ...) show a significantly higher catalytic rate than the wild-type enzyme (Figures 2 and 6 ). In some cases (such as D166A), this effect is selective for A addition. These effects should be mentioned in the text and discussed. 2-From the information in the materials and methods, the chimeric enzymes were used in the in vitro activity measurements at a concentration four-fold higher than that of the wild-type enzyme, and incubation times were nine-fold longer. This indicates that the chimeric enzymes have a 40-fold smaller activity than the wild-type enzyme. This should be clearly indicated in the text. In particular, Figure 4C is somewhat misleading since it suggests similar activities for the Tm enzyme and for the Chi2 to 5 chimeras. Therefore, the assay conditions should be reminded in the legend to Fig. 4. 
3-
In the description of the results of randomization of region 5 (page 15), the percentage of positive clones among the total number of transformants should be indicated. Also, as shown in table S2, some positive clones have at positions 185-186 AR, AQ or AE instead of EE or EQ. Are the corresponding enzymes as efficient as the others. Possibly, quantitative measurements of betagalactosidase activities in the corresponding clones may help to address this question and to discuss these peculiar cases. 4-(Minor point) Supplementary Table S2 may be easier to read and interpret if the sequences were shown with a color code indicating for each randomized residue if it corresponds to the residue of the AaL or of the Tm sequence. 5-(Minor point) Page 13, line 8 from bottom: do the authors mean "more than one CMP"? Page 19, line 8: do the authors mean "more than two CMPs"? 6-At several places in the text, "the" should be replaced by "a" (see for instance page 18: line 13, a flexible loop; line 14, hydrogen bonds; line 16, a beta turn).
Referee #3 (Remarks to the Author):
The manuscript reports (i) X-ray structures of the of class II Thermotoga maritima CCA-adding enzyme and its complexes with CTP or ATP soaked in, (ii) in vitro and in vivo functional analysis of chimeras between the Tma CCA-adding and the Aquifex aeolicus A-adding enzyme, and (iii) a mutational analysis of the catalytic head and nucleotide base-interacting neck domain. Collectively, the authors infer from their results that, in the class II CCA-adding enzyme, the head and neck domains collaboratively define the number of nucleotide additions and the specificity of nucleotide selection. The manuscript presents many interesting experimental results, but gives an immature impression in its present form.
Major comments: 1) For the general reader, the manuscript is hard to penetrate, with very many details (e.g. p. 9) discussed at the atomic level; these are difficult to reconcile and control for a reader who is not an immediate expert on CCA-adding enzymes. Also, at some points it is not really clear what is really substantiated by the experimental data and what is simply a model. In any case, the results should be presented in a more concise manner. The authors should make clear what the specific novelties of the presented work are, what is experimentally substantiated and what is model/hypothesis. The current state of knowledge should be described accurately, which includes to cite all relevant previous publications.
2) Running Title: "Conversion of A-adding enzyme to CCA-adding enzyme". This is misleading as the active CCA-adding chimeras contain the catalytic domain of a CCA-adding enzyme. This comment also pertains to p. 18, line 10.
3) p. 6, last paragraph: here the authors should mention that, in their structure, a larger region (20 aa) remained unresolved compared with the previous structures cited; also, the backbone directions in the loop region are opposite in crystal forms I and II, which should be discussed; for the interpretation of conformational changes upon CTP/ATP binding, however, the crystal without the loop resolved is taken as the basis. 4) p. 8, line 8: "The Oe1 and Oe2 atoms of Glu106 hydrogen-bond with the Nn of Arg128 and the OH group of Tyr108." Then on p. 9, line 15: "The Oe2 atom of Glu106hydrogen bonds with the Nn2 of Arg177, and the mutation of Glu106 to Ala reduces the AMP incorporation rate into RNA ending with C74C75, without affecting the CMP incorporation rate into RNA ending with C74."
The Oe2 atom cannot form all these H bonds simultaneously. Is the first H-bonding pattern observed in the nucleotide-free crystal form II, and the second in the CTP/ATP-bound forms? 5) p. 8, 2nd paragraph: regarding the structure model of the A. aeolicus A-adding enzyme with RNA primer and ATP analog, there is a comment by Xiong and Steitz (Current Opinion in Structural Biology 2006, 16:12-17) : "In the case of the reported crystal structure of a class II A-adding enzyme complexed with tRNA and an ATP analog, the structure determination was complicated by a possible crystal twinning problem. The electron density corresponding to the 3' terminus of the tRNA is weak. The authors modeled into the electron density a 'pre-insertion' geometry in which the phosphate group of the 3'-terminal nucleotide of the tRNA, instead of the 3'-hydroxyl group required for an active phosphoryl transfer reaction, is pointed toward the alpha-phosphate of the incoming ATP."
This illustrates the problem associated with superimposing the Aa A-adding and Tma CCA-adding stuctures. The tRNA was only modeled into the A-adding enzyme structure. Thus, a modeled geometry serves as the basis for another modeling procedure. This point should be mentioned to enable the reader to assess the degree of certainty in the structural models. 6) p. 10, line 6: "It was recently reported that the deletion of the putative flexible loop ... converts the CCA-adding enzyme to the CC-adding enzyme in vitro, although the molecular basis was unclear." Neuenfeldt et al. (2008) gave an explanation which should be considered ("...the function of the flexible loop might be an indirect one. Because the switch from C to A addition requires a structural rearrangement of the amino acid template, it is conceivable that such a flexible region is required as a hinge for reorganization of the NTP binding pocket during CCA synthesis....").
p. 10, line 9: "When the putative loop of the Bacillus subtilis CCA-adding enzyme was exchanged with that of the Bacillus halodurans CC-adding enzyme (Bralley et al, 2005) , the enzyme exhibited the CC-adding activity." This is not correctly cited. Moerl & coworkers have not carried out this type of experiment, this loop is not present in the B. halodurans CC-adding enzyme; instead, the reverse experiment was conducted. 7) p. 13, line 16: "Unexpectedly, Chi-2, -3 and -4 could incorporate CMP into the RNA ending with C74 in the presence of both CTP and ATP (upper panel in Figure 4C ). However, the number of CMPs incorporated into the RNA ending with C74 varied. Chi-2, -3, -4 could incorporate more than two CMPs into the RNA ending with C74."
Nucleotide extension products by Chi-2, -3 and -4 in Fig. 4C look staggered, which could mean that regions in the head domain are responsible for counting the C additions in the CCA-adding enzyme. This is not further addressed; the authors should analyze the reaction products in more detail to determine the exact numbers of C additions; do the reaction products generated by the Chi-2 to 4 variants have homogeneous 3'-ends?
What about misincorporations if other NTPs aside from CTP and ATP are present? Also, a more detailed kinetic analysis rather than single-point product analyses would provide mechanistic insight.
Finally, Ya-Ming Hou and coworkers have observed poly(C) incorporations with the E. coli CCA enzyme, which could be discussed here. 8) p. 15, line 10: "Most of the Chi-4 variants with the suppressor activity selected from the library had either Glu185Gln186 or Glu185Glu186 ..." Interestingly, these two residues are not conserved in other CCA-adding enzymes; why are they so important for incorporation of the 2 CMPs? Generally, the authors should comment on the conservation of aa identities proposed here to be crucial for function. 9) p 17, beta-turn: the beta-turn has been described in the literature before: Martin & Keller, 2007 ("The flexible beta-turn participates in all steps of CCA addition to direct the consecutive addition of all three nucleotides (Xiong and Steitz 2004; Cho et al. 2006; Tomita et al. 2006) ."). The authors only address the incorporation of the second CMP and AMP, although a relevance to incorporation of the first CMP is known for other enzyme variants. This should be analyzed for the different Ala scan variants, and the exisiting literature should be appreciated more carefully. 10) Figures: there are many figures, and many are colourful but confusing, which makes it hard to extract the important interactions. One thing that should be definitely changed is the nomenclature of Chi variants in Fig. 4A . Here, variants Chi-1 to Chi-5 follow the logic that Chi-1 includes region 1 of the Tma enzyme, Chi-2 regions 1+2 of the Tma enzyme and finally Chi-5 includes regions 1 to 5 of the Tma enzyme; however, with variant Chi-6, this scheme is broken, which is particularly confusing if readers have a black and white printout of and 5B are too small; better replace with arrows at the gel margin.
Minor comments: 11) Abstract: "The replacement of the head domain does not define the number of CMP incorporations, but the enzyme adds a single AMP after CMP incorporation." Sentence does not make sense, rephrase. 12) p. 4, lines 5-7: the O2 of CTP also interacts with Arg157. 13) p. 5, 2nd paragraph: mention here that the CTP or ATP was soaked into the crystals. 14) p. 8, line 8 from bottom: the role of Arg104, Glu106 as a highly conserved motif to position the tRNA primer for ATP incorporation has already been discussed by Neuenfeldt et al. (2008) , which should be cited here. Referee #1 We greatly appreciate your favorable comments on our present work and suggestions to improve our manuscript. To enhance the accessibility of our work to the general reader, we modified all of the structural figures, so that the important interactions can be easily extracted from the figures. We changed the figures with a depth effect, and some figures are displayed as stereo views in the revised manuscript. As pointed out by Referee #1, the mechanism for the CMP incorporation is still obscure. We described a possible mechanism by referring to the mechanism for the CCA-adding reaction by class I CCA-adding enzymes, as follows.
(page20, line13) To utilize a single nucleotide pocket and a single catalytic site for the CCA-addition, consecutive dynamic conformational changes of the enzyme and the 3' end of RNA primer should be required. During the CCA-adding reaction, the consecutive conformation changes of the β-turn in the catalytic domain might be accompanied by the CMP and AMP incorporation reactions. The mutation of Asp 86 to Ala reduced neither the CMP nor AMP incorporation rate, instead, it increased the incorporation rates significantly ( Figure 6B ). The Asp 86 in the β-turn might hydrogen-bond with the side chain of Lys 113 in the loop region, and the side-chain of Asp 86 might stack with the bases at the 3'-end of the primer in the primer-protein binary state, prior to the nucleotide accommodation state in the catalytic pocket. In the class I enzyme, the β-turn is stacked with the base of the nucleoside at the 3'-end of the primer in the primer-enzyme binary complex state, and the enzyme adopts the catalytically inactive open conformation. Upon CTP binding, the head domain relocates towards the neck domain, and the catalytic cleft of the enzyme shifts from an inactive open to an active closed form. The transition from the open to closed form of the enzyme is accompanied by the conformational change of the β-turn, which allows the 3'-end nucleotide to flip, where the base of C 74 stacks with that of the incoming CTP (Tomita et al, 2006) . This scheme might also be applicable to the class II CCA-adding enzymes.
Referee #2 We greatly appreciate your favorable comments on our present work and suggestions to improve our manuscript. According to the suggestions, we have revised the manuscript. 1) Thank you for your comments. We have now clearly mentioned that some of the mutants exhibited significantly higher catalytic rates than the wild-type enzyme, and discussed this in the revised manuscript, as follows.
(Page10, line5; E109A, S110A, D116A)
Other mutations, Glu 109 Ala, Ser 110 Ala and Asp 116 Ala, all increased the AMP incorporation rate significantly and selectively. These residues might be involved in the maintaining the loop structure by intra hydrogen-bonding. The mutations of these residues might reduce the interaction between the head and neck domains, where the loop serves as the bridge between the two domains. As a result, the release of the CCA-end RNA product from the enzyme might be accelerated after AMP incorporation. (Page20, line17, D83A) The mutation of Asp 83 to Ala reduced neither the CMP nor AMP incorporation rate, instead, it increased the incorporation rates significantly ( Figure 6B ). The Asp 83 in the β-turn might hydrogen-bond with the side chain of Lys 113 in the loop region, and the side-chain of Asp 83 might stack with the bases at the 3'-end of the primer in the primer-protein binary state, prior to the nucleotide accommodation state in the catalytic pocket. In the class I enzyme, the β-turn is stacked with the base of the nucleoside at the 3'-end of the primer in the primer-enzyme binary complex state, and the enzyme adopts the catalytically inactive open conformation. Upon CTP binding, the head domain relocates towards the neck domain, and the catalytic cleft of the enzyme shifts from an inactive open to an active closed form. The transition from the open to closed form of the enzyme is accompanied by the conformational change of the β-turn, which allows the 3'-end nucleotide to flip, where the base of C 74 stacks with that of the incoming CTP (Tomita et al, 2006) . This scheme might also be applicable to the class II CCA-adding enzymes. Without the stacking interaction between the side-chain of Asp 83 and the bases of the RNA primer, the conformation of the 3'-end of the RNA primer might be able to readily transit from an open inactive form to a closed active one for the nucleotide incorporation to proceed, as in the class I CCA-adding enzyme (Tomita et al, 2006) .
2) We did not correctly describe the assay conditions in Figures 3, 4 , and 5. The assay conditions for the chimeric and wild-type enzymes are the same in these Figures. We correctly described the assay conditions used in the Materials and Method section in the Supplementary Information in the revised manuscript. For the in vitro activity measurements [Figures 3, 4, and 5] by the chimeric enzymes and wild-type TmCCA and AaL, we used higher concentrations and longer incubation times than those of the assays with the wild-type and mutant enzymes in Figures 2 and 6 . The results obtained by the in vivo suppression assays (Figure 4 ) reflect the activities of the chimeric and wildtype enzymes at the saturating conditions; i.e., the enzymes are overexpressed and the nucleotide additions proceed completely. Therefore, we increased the enzyme concentration and prolonged the incubation times for the in vitro assays.
3) i) The percentage of positive clones among the total number of transformants was clearly described in the Material and Methods in the Supplementary Information of the revised manuscript. About 40% of the colonies were colored blue on an LB plate containing X-gal.
ii) Instead of measuring the beta-galactosidase activities of isolated positive clones (clones with AR, AQ or ER, EA), we inoculated the transformants on a plate containing X-gal (Supplementary Figure S7 in the revised manuscript). The result clearly indicated that the suppressor activities of these clones varied. We mentioned these types of clones isolated and discussed these cases in the revised manuscript, as follows. (Page 17, line 20) Interestingly, the Glu 185 Gln 186 sequence found in TmCCA is not conserved among the class II CCA-adding enzymes. The other hydrogen-bond interaction(s) between the helices in the neck domain in the other CCA-adding enzymes might have equivalent roles to those observed in TmCCA. In fact, other types of clones with suppressor activity were isolated from the region 5 randomized library (Supplementary Table S2 ). The suppression activities of these clones varied, as judged from the intensity of the blue color of the colonies (Supplementary Figure S7) . The expression of Chi-1-4 with Glu 185 Arg 186 or with Ala 185 Arg 186 exhibited sufficient suppressor activity. On the other hand, the suppression by the expression of Chi-1-4 with Ala 185 Glu 186 was slightly weaker, and the suppression by the expression of Chi-1-4 with Ala 185 Gln 186 was apparently weaker than the others. The mutation modeling of these residues in the helices in the neck domain revealed that other hydrogen-bonds between the two helices in the neck could be formed, and that the number of hydrogen-bonds between the helices varied (Supplementary Figure S8) . The number and the strength of the hydrogen-bonds between helices and the location of the hydrogen-bonds might define the efficiency of the correct CCA-synthesis in vivo. Table S2 to the readers, we showed the sequences in Table S2 with the color codes; the residues corresponding to Tm and Aa are colored red and blue, respectively. Thank you for your suggestion. 5) To avoid the confusion, we modified the descriptions in the revised manuscript. 6) We asked a native-English speaker to correct and edit our written English. We corrected several "the" to "a" in the revised manuscript. Thank you for your kind suggestions.
4) To enhance the accessibility of

Referee #3
We greatly appreciate your many expert comments and detailed suggestions on our present work. We provided several experimental results that you requested, and improved our manuscript according to the comments and suggestions to enhance the accessibility of our work to general readers. 1) We greatly appreciate your comments and suggestions to improve our manuscript. Throughout the manuscript, we carefully tried to present our results in a more concise manner and clarify what is really substantiated by the experimental data and what is simply a model. We also tried to cite all the relevant literature accurately.
2) We changed the running title as follows, to avoid the misleading the readers. 3) We clearly mentioned that the loop region remained unresolved in the revised manuscript, as follows. (Page6, line17) In the TmCCA structure of the form I crystal solved at 2.85 Å resolution, the loop region (aminoacid residues 102-121) connecting β6 and α5 in the catalytic head domain is flexible and/or disordered ( Figure 1A, 1B) . The corresponding loop regions in the Bacillus stearothermophilus CCA-adding enzyme, human CCA-adding enzyme and A. aeolicus A-adding enzyme (AaL) structures are also disordered and remained unresolved (Li et al, 2002; Augustin et al, 2003; Tomita et al, 2004) .
We mentioned that the backbone directions in the loop regions are different between the form I and II apo structures. We also mentioned that the direction of the loop backbones in the form I structure with CTP or ATP soaked in are the same in the revised manuscript. We present the superposition of the four structures in Supplementary Figure S2 in the revised manuscript. We also discuss the change in the conformation of the loop region during the CCA-adding reaction in the revised manuscript, as follows. (Page6, line24) On the other hand, in the form II crystal structure of TmCCA solved at the higher resolution (2.37 Å), the electron density of the loop region is clearly visible (Figures 1B, 2A,  Supplementary Figure S2) . The root-mean-square deviation (R.M.S.D.) value between the form I and II apo TmCCA structures was 1.26 Å, in the superposition of 386 Cα atoms. The orientations of the loop region are different between the form I and II apo TmCCA structures ( Figure 1B ). In the complex structures of the form I TmCCA with CTP or ATP soaked in, the loop is disordered and flexible, as in the form I apo structure, and is oriented in the same direction as the form I apo TmCCA (Supplementary Figure S3) . The flexible loop region might relocate toward the neck domain upon RNA primer binding and subsequent nucleotide addition to the catalytic pockets. The possible function of the loop region in the CCA-adding reaction is described below. 4) We described the hydrogen-bond incorrectly in the original manuscript. The sentence in the original manuscript "The Oe2 atom of Glu106 hydrogen bonds with the Nn2 of Arg177" was deleted.
5) Although there is a comment by Xiong and Steitz (Current Opinion in Structural Biology 2006, 16:12-17) , in the original paper on the complex structures of Aa A-adding enzyme with tRNA and an ATP analog (Tomita et al., 2004) , the 3'-OH group of C75 is in the vicinity of the triphosphate moiety of the ATP analog. This geometry is similar to that of the 3' end of a primer and an incoming nucleotide, as observed in the structure of DNA polymerase beta. The geometry is sufficient for the phosphoryl transfer reaction to proceed. This was clearly described in the original literature. Therefore, the superposition of the Aa A-adding complex structure onto the closely-related TmCCA structure provides the structural insight into the RNA recognition by the loop-region. Moreover, in the superposition, an incoming ATP in the A. aeolicus A-adding enzyme complex structure is located at the position where 6-NH2 and N1 hydrogen bond with the side-chains of Asp and Arg in the T. maritima CCA-adding enzyme (supplementary Figure S5 in the revised manuscript). In the revised manuscript, we described these points clearly, as follows. (Page8, line15) In the complex structure of A. aeolicus A-adding enzyme with tRNA and an ATP analog, the 3'-OH group of C 75 is in the vicinity of the triphosphate moiety of the ATP analog. This geometry is similar to that of the 3' end of a primer and an incoming nucleotide, as observed in the structure of DNA polymerase β (Pelletier.et al, 1994) . In the superposition, the incoming ATP analog in the A. aeolicus A-adding enzyme complex structure is located at the position where the 6-NH 2 and N 1 of ATP can hydrogen-bond with the side-chains of Asp 174 and Arg 177 in the T. maritima CCA-adding enzyme (Supplementary Figure S5) . Therefore, the tRNA docking model, created by the superposition of the two structures, allows us to propose a possible mechanism for the recognition of the 3'-terminal region of RNA by the loop region of TmCCA, as described below.
6)
We corrected the sentence, as follows. (Page10, line16) It was recently proposed that the CC-adding enzyme might have arisen from the CCA-adding enzyme by a short deletion of the amino acids in the flexible loop regions and that the flexible region might be required as a hinge for reorganization of the NTP binding pocket to switch the nucleotide specificity from CTP to ATP during CCA synthesis (Neuenfeldt et al, 2008) .
7)
We appreciate the comments. We provided some additional data. Accordingly, the Figure 4 was reorganized and the manuscript was modified.
i) We separated the 32 P-labeled products by TmCCA, Chi-1-2, 1-3, 1-4, and 1-5 in Figure 3C using 15% polyacrylamide gels. The lengths of the respective 32 P-labeled products are not homogeneous ( Figure 4D ). As shown in Figure 4E in the revised manuscript, Chi-1-2, and Chi-1-3, and Chi-1-4 added extra nucleotides beyond position 76. On the other hand, Chi-1-5 and TmCCA behaved similarly, and both synthesized the correct CCA sequences. Chi-1-2, Chi-1-3 and Chi-1-4 add more than one to five nucleotides beyond position 76. As described below ii), the nucleotide additions by these chimeric enzymes specifically incorporate CMP and AMP, and neither UMP nor GMP was incorporated by these chimeric enzymes ( Figure 4D in the revised manuscript). As requested, we characterized the reaction products by the neighboring nucleotide analysis ( Figure 4F in the revised manuscript). We also analyzed the sequences of the reaction products. The reaction products were ligated to an oligonucleotide, amplified by PCR, cloned and sequenced ( Figure 4G in the revised manuscript). The results suggested that Chi-1-2, Chi-1-3, and Chi-1-4 exhibit (A, C)-adding activity. These observations were described in the revised manuscript, as follows. (Page14, line7)
The 32 P-labeled products generated by TmCCA, Chi-1-2, 1-3, 1-4, and 1-5 were separated at one nucleotide resolution ( Figure 3E ). The lengths of the respective 32 P-labeled products were not homogeneous. The Chi-1-2, Chi-1-3, and Chi-1-4 enzymes added more than one to five nucleotides beyond position 76, depending on the chimeric enzyme. On the other hand, the length of the reaction product generated by Chi-1-5 was the same as that of the reaction product from TmCCA. The E. coli class II CCA-adding enzyme exhibits polyC polymerase activity in the absence of ATP (Hou, 2000; Tomari et al, 2000) , and the polyC polymerization is inhibited in the presence of an ATP concentration as low as 25 µM (Hou, 2000) . However, for the chimeric enzymes, Chi-1-2, 1-3 and 1-4, the nucleotide incorporation beyond position 76 was not inhibited in the presence of a higher concentration of ATP (1 mM) (data not shown).The neighboring nucleotide of the 32 P-labeled products generated by the chimeric enzymes was analyzed ( Figure 3F ). Chi-1-2, and Chi-1-3 predominantly incorporated CMP to the 3'-end A of RNA and less efficiently to the 3'-end C of RNA, and Chi-1-4 incorporated CMP to both the 3'-ends of A and C of RNAs ( Figure 3F , left panel). Chi-1-2, Chi-1-3, and Chi-1-4 can incorporate AMP onto the 3'-end C of RNA, and less efficiently to the 3'-end A of RNA ( Figure 3F, right panel) . On the other hand, Chi-1-5 predominantly incorporated CMP onto the 3'-end C of RNA and incorporated AMP onto the 3'-end of C of RNAs, similar to wild-type TmCCA. These analyses suggested that the reaction products generated by Chi-1-2, Chi-1-3, and Chi-1-4 have heterogeneous sequences, and the sequences would not be the stretches of C residues ending with a terminal A. The reaction products generated by these chimeric enzymes were amplified by ligation-mediated RT-PCR, cloned and sequenced. The 3' sequences of the reaction products of Chi-1-2, Chi-1-3 and Chi-1-4 were heterogeneous ( Figure  3G ), and no clones with C 74 C 75 A 76 were isolated. These in vitro results well explain the absence of sufficient suppression activities by the expression of these chimeric enzymes in vivo ( Figure 4B ). On other hand, among the sequences of the reaction products generated by Chi-1-5, 5 of the 14 clones analyzed had C 74 C 75 A 76 , and the sequences of the remaining clones were C 74 C 75 (three clones), C 74 C 75 C 76 (one clone), C 74 A 75 C 76 (two clones) and C 74 C 75 A 76 C 77 (one clone).
ii) We examined the activities of the chimeric enzymes in the presence of all four nucleotides. The results showed that neither UTP nor GTP was incorporated into the RNA ending with C74 in the presence of all four nucleotides ( Figure 4E in the revised manuscript). Therefore, these chimeric enzymes do not mis-incorporate GMP or UMP, and they specifically incorporate only CTP and ATP. This was described in the revised manuscript as follows. (Page14, line5) It should be noted that the nucleotide additions by these chimeric enzymes were specific for CMP and AMP, and neither UMP nor GMP was incorporated in the presence of all four nucleotides ( Figure 3D ).
iii) Since the chimeric enzymes exhibited different efficiencies in the reaction, we carried out singlepoint analyses. In our response to the comment 2) by referee #2, we analyzed the activities of the enzymes (for both the wild-type and chimeric enzymes in Figures 3C, 4C , D, E, & 5B), under conditions where the concentrations of the enzymes were higher and the incubation times were longer than those in other experiments (Figures 1, 6 ) to detect the residual activities and evaluate the relationships between the in vivo and in vitro experiments. Therefore, detailed comparative kinetic analyses of the chimeric enzymes along with the wild enzymes would not be informative in our present study. Furthermore, as described above [see response i)], the length and the nucleotide composition of the 3'-end of reaction products generated by the chimeric enzymes (Chi-1-2, Chi-1-3, Chi-1-4) are not homogeneous, and thus, it is not feasible to analyze the kinetics of CMP (or AMP) incorporation by these chimeric enzymes. iv) We cited the reference [Ya-Ming Hou (2000) ] along with [Tomari et al., (2000) ]. Both reported the polyC polymerase activity of E. coli class II CCA-adding enzyme. (Page14, line14 in the revised manuscript). 8) Thank you for your expert suggestions. We commented on the conservation of amino acid identities. The GluGln sequence is not conserved in the other CCA-adding enzymes. The other hydrogen-bond interaction(s) between the helices in the neck domain in other CCA-adding enzymes might have an equivalent roles to those observed in TmCCA. In fact, from the region 5 library, other types of clones with the suppressor activity were isolated (Supplementary Table S2 , Supplementary Figure S7 in the revised manuscript). As shown in the Supplementary Figure S8 in the revised manuscript, a model of the hydrogen-bonds between the two helices in the neck domain of these variants can be built. This was clearly described and discussed in the revised manuscript, as follows.
(Page17, line20) Interestingly, the Glu 185 Gln 186 sequence found in TmCCA is not conserved among the class II CCA-adding enzymes. The other hydrogen-bond interaction(s) between the helices in the neck domain in the other CCA-adding enzymes might have equivalent roles to those observed in TmCCA. In fact, other types of clones with suppressor activity were isolated from the region 5 randomized library (Supplementary Table S2 ). The suppression activities of these clones varied, as judged from the intensity of the blue color of the colonies (Supplementary Figure S7) . The expression of Chi-1-4 with Glu 185 Arg 186 or with Ala 185 Arg 186 exhibited sufficient suppressor activity. On the other hand, the suppression by the expression of Chi-1-4 with Ala 185 Glu 186 was slightly weaker, and the suppression by the expression of Chi-1-4 with Ala 185 Gln 186 was apparently weaker than the others. The mutation modeling of these residues in the helices in the neck domain revealed that other hydrogen-bonds between the two helices in the neck could be formed, and that the number of hydrogen-bonds between the helices varied (Supplementary Figure S8) . The number and the strength of the hydrogen-bonds between helices and the location of the hydrogen-bonds might define the efficiency of the correct CCA-synthesis in vivo. 9) We appreciate the expert comments and suggestions. We analyzed the first CMP incorporation by the different Ala scan variants, using mini-D lacking CCA ( Figure 6B in the revised manuscript). The effect of the mutations is essentially the same as the second CMP incorporation into mini-C74 by these mutant enzymes. This was described in the revised manuscript. The importance of the beta-turn in the entire polymerization reaction was described in the revised manuscript, and the existing reports describing the involvement of the betaturn in the polymerization were cited, as follows. (Page19, line18) Biochemical and structural studies of class I Archaeoglobus fulgidus CCA adding enzyme suggested that the β-turn in the catalytic head domain direct the consecutive three nucleotide additions (Xiong and Steitz, 2004; Cho et al, 2005; 2006; Tomita et al, 2006; Martin and Keller, 2007) . 10) We appreciate the suggestions. To extract the important interactions easily from the figures, we changed the figures with a depth effect, and some figures are now displayed as stereo views in the revised manuscript (Figure 2A , C, Figure 5C , Figure 6A ).We also changed the nomenclature of the chimeric enzyme variants, according to the suggestions, throughout the text and Figures. We separated the 32 P-labeled products generated by Tm, Chi-1-2, Chi-1-3, Chi-1-4 and Chi-1-5 ( in Figure 4E ) at one nucleotide resolution, and the bands corresponding to the RNA product with the CCA end are indicated by arrows at the gel margins ( Figure 4D in the revised manuscript). The asterisks in the gel panel of Figure 5B were replaced with arrows at the gel margin. 11) We re-organized and and re-wrote the entire abstract. 12) We described that the O2 atom of CTP also interacts with Arg157 (Page4, line15 in the revised manuscript). 13) We mentioned that the CTP or ATP was soaked into the crystals (Page5, line17, and Page6, line5) 14) We cited this reference (Neuenfeldt et al, 2008 ) (Page9, line10). 15) We changed the phrase "lubricating joint" to "springy hinge" throughout the revised text.
16) In previous studies (Tomita et al, 2004; Neuenfeldt et al, 2008) , the involvement of the flexibleloop region in the A-addition was suggested. However, in the present work, by combining the structural, biochemical and genetic studies, we conclusively demonstrated that the loop region in involved in the terminal A addition, in both the CCA-adding and A-adding enzymes. The results presented in the present manuscript represent one of the core elements to propose a possible mechanism for the elongation and termination by the class II CCA-adding enzymes. 17) We rephrased the sentence and the reference was cited as follows (Page22, line1) The tail domain of the enzyme interacts with the TΨC loop of the tRNA (Tomita et al, 2004) , thus preventing the tRNA from dislodging from the surface of the enzyme. 18) We cited the reference [Lizano et al, 2008 (Biochimie) ] along with other relevant references as follows.
(Page22, line20) The template for the AMP incorporation by the class II enzyme is not the protein itself. As described above, the selection of ATP would be achieved through the recognition of the growing 3' end of the RNA primer by the loop and the β-turn in the catalytic domain. Moreover, the hydrogen-bonds between the two helices in the neck domain regulate the specificity and the number of the nucleotide incorporations. In these respects, as discussed previously (Shi et al, 1998; Yue et al, 1998 , Tomita et al, 2004 Schimmel and Yang, 2004; Weiner, 2004; Toh et al, 2008; Lizano et al, 2008) , the template is actually the dynamic RNA-protein complex, as in the class I CCA-adding enzyme, although the bases of the CTP and ATP hydrogen-bond with specific amino acids.
